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Abstract: Freeze-casted nanofiber based sponges or aerogels 
exhibit a hierarchical porous structure. Pore formation is only 
partially understood. Therefore, we studied the underlying solid 
templating mechanism. We were able to tailor the secondary pore 
size between 9.5 and 123 µm while retaining the smaller primary 
pores known from electrospun nanofiber membranes. To understand 
the effect of microstructure on the sponges’ bulk properties, mass 
flow through the pores and interaction with the sponges’ internal 
surface were investigated. By solely altering the sponges’ 
microstructure we indeed found tunability in permeability by a factor 
7 and in filtration efficiency by a factor of 220. Hence, pore 
architecture of nanofiber based sponges is a key element for their 
performance. The selected pullulan/PVA polymer blends and 
aqueous electrospinning conditions are benign and allow the facile 
adaptation of these ultralight highly porous sponges for a large 
number of applications. 
Nanofiber based materials obtained by electrospinning are 
intrinsically flat due to their layer by layer manufacturing 
process.[1] There are different routes to obtain 3D electrospun 
structures,[2] either by self-assembly,[3] cool drum spinning[4] or 
gas expansion. However they lack the possibility of adding 
scalable pores.[5] Recently, Ding and Greiner invented a new 
class of ultralight[6] truly 3D nanofiber based aerogel or sponge 
materials.[1a, 7] These materials reveal hierarchical pores: minor 
primary pores between tangled nanofibers, similar to those in 
electrospun membranes[8] and major cell-like secondary pores. 
We expect a tremendous effect on the sponges’ macroscopic 
properties from these secondary pores, which is important for 
potential applications such as tissue scaffolds, catalyst supports, 
sound absorption or separation material.[1a, 7a] Fundamental bulk 
properties, which are governed by the porous microstructure are 
on the one hand air permeability as a mean to characterize 
mass flow through the sponge. Aerosol filtration on the other 
hand depends on diffusion within the pores and interaction with 
the internal surface of the sponge. 
To tune size and shape of these secondary pores, we had 
to develop a fundamental understanding of their formation 
mechanism: basically, electrospun nanofibers are cut into short 
fibers,[9] dispersed in a non-solvent, and the liquid phase is 
subsequently exchanged with gas by freeze-drying.[1a, 7a, 10] This 
is similar to processing other nano rod/wire, fiber based,[11] or 
ceramic materials.[12] 
 
 
Figure 1. Effect of freezing conditions on sponge microstructure. (a) Slow 
freezing-front velocities, vf, provide the largest pore diameters, d, while the 
sponges’ apparent density remained constant within 8.7 ± 0.1 mg ml-1. SEM 
images (b) to (e) show cross-sections of respective sponges at the center 
height of 7.5 mm obtained with different vf. They exhibit clear open cellular 
hierarchical pore structures.  
In this work, pullulan/PVA blend was selected as the 
nanofiber raw material for its compatibility with the thermal 
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cross-linking step,[13] its biodegradability and food 
compatibility.[14] Using free surface electrospinning we obtained 
uniform nanofibers with a diameter of 240 ± 55 nm. To 
synthesize the sponges, the nanofiber membranes were first 
homogenized in 1,4-dioxane to provide a suspension, which was 
subsequently frozen using a directional freezing approach. 
Sublimation yielded the desired raw bodies, which were 
eventually thermally cross-linked to ensure mechanical stability 
(the processing scheme and experimental details are given in 
the Supporting Information). The resulting ultralight (density 
between 4 and 19 mg ml-1) and highly porous (porosity up to 
99.8 %) fibrous network had directional pores along the thermal 
gradient, where the pores replicated the solvent’s crystals. The 
resulting nanofiber based sponges showed the expected soft 
compressibility and bendability (Supporting Information, Tables 
S1 and S2).[1a, 7a, 10] By increasing the freezing-front velocity, vf, 
from 2 to 200 µm s-1 (see Supporting Information, Figure S4) we 
can directly control the size of the secondary pores, decreasing 
from 123 to 9.5 µm, respectively, see Figure 1. 
The shape of the secondary pores also depends on vf: the 
large secondary pores reflect the structure of the monoclinic 
dioxane crystals[15] (Figure 1b and c), while  the isotropic 
distribution of the short nanofibers in the starting suspension 
was preserved to a larger extent at faster vf, Figure 1e . This is 
understood by the accepted freezing mechanism for 
nanoparticle slurries,[12] where the dispersed nanoparticles are 
rejected by the moving solidification front and thus are 
concentrated between the growing crystals.[12c, 12d, 16] It is the 
velocity of the growing crystals that determines whether a 
particle, or in our case, the fiber inside the slurry will be rejected 
and pushed away, or if they will be trapped and embedded into 
the growing crystal.[17] The small pores in Figure 1e therefore 
indicate that the solidification front was faster than the mobility of 
the fibers. The slower the freezing-front, the more redistribution 
and rejection of the short fibers is possible, thus resulting in 
larger pores, Figure 1b and c.[12d, 16] Close to the contact area 
with the heat sink, crystal propagation is dominated by 
nucleation, which leads to different freezing zones. Such details 
have been elaborated for ceramic based materials.[18] 
The secondary pore size does also depend on the solid 
loading of the nanofiber slurry. When keeping  vf constant at  
6.24 µm s-1 but changing the solid loading between 0.260 %, 
0.564 %, and 1.174 % (V/V – see Supporting Information), the 
pore size decreased from 71.2 µm and 56.7 µm down to 
28.8 µm (Figure S9). This is understood based on the viscosity 
of the slurry, which is increased by higher solid loading. Thereby 
mobility of the fibers is decreased and embedding into the 
growing crystals is favored – thus giving smaller pores. 
Quantitative models for this observation have been derived for 
particle containing slurries: the critical freezing front velocity, vcrit, 
at which particle entrapment and thus formation of smaller pores 
takes place, depends inversely proportional on the viscosity of 
the slurry.[17b, 19] 
The significant difference in the sponges’ microstructure 
with pores ranging from 9.5 to 123 µm should also be reflected 
in the bulk properties of the material. Therefore, we investigated 
the gas mass flow as well as the aerosol filtration efficiency, 
since these properties are fundamental in understanding how 
the pore size of the material governs its macroscopic 
characteristics. 
 
Figure 2. Effect of pressure drop, ∆P, on air face velocity, vair, for nanofiber-
based sponges with similar apparent density of 8.7 ± 0.1 mg ml-1, but different 
pore size. Sample thickness was 15 mm. Kair, is 1.45 x 10-11, 1.79 x 10-11, 
3.61 x 10-11, 6.60 x 10-11, 7.10 x 10-11, and 1.02 x 10-10 m2. 
Figure 2 shows the effect of variable pressure drop, ∆P, on 
the air face velocity, vair for nanofiber based sponges with 
identical apparent density but different pore size. Using the 
Hagen-Poiseuille equation[20] for compressible fluids through 
porous material, permeability, Kair was calculated to be between 
1.45 x 10-11 m2 for the smallest and 1.02 x 10-10 m2 for the 
largest pores (see Supporting Information, Table S2). These 
values are exceeding those of melt spun, 8.30 x 10-12 m2, 
electrospun, 6.96 x 10-14 m2, or ice templated ceramics (10-14 m2 
to 10-11 m2)[21] highlighting the potential of nanofiber based 
sponges, especially, since the permeability in electrospun 
nanofiber membranes is mainly controlled by thickness[8a] 
whereas the freezing process in sponge processing adds a 
second variable to tailor permeability by at least a factor of 7. 
 
 
Figure 3. Particle filtration efficiency, φ, of nanofiber-based sponges with 
tailored pore size. Face velocity vair of 1.5 cm s-1. Sponges with an apparent 
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density of 8.7 ± 0.1 mg ml-1 were used. Data are fitted according to the semi 
empirical efficiency model by Lee and Liu.[22] Most penetrating particle size, 
MPPS, and φ@MPPS are 202 nm (91.22 %), 159 nm (97.46 %), 200 nm 
(99.59 %), 148 nm (99.79 %), 134 nm (99.87 %), 143 nm (99.96 %). 
Diffusion within the pores and interaction with the 
nanofiber based internal surface of the sponges are fundamental 
processes in aerosol filtration. Moreover, aerosol filtration and in 
fact every process requiring mass exchange between a 
stationary and a mobile phase are a compromise between high 
permeability and high efficiency. 
Figure 3 shows the effect of filtration efficiency of nanofiber 
based sponges solely depending on the dimension of the 
secondary pores, while thickness and apparent density of the 
material were kept constant. Filtration efficiency increased 
tremendously from 91.22 % for the largest pores to 99.96 % for 
the smallest pores, meaning a decrease of penetrated aerosol 
by a factor of 220. However, the most penetrating particle size, 
MPPS, remained constant within a factor of 1.54 (from 134 to 
202 nm). Theoretical models predict a modest dependence of 
the MPPS on the fiber diameter (and thus pore size),[23] and 
similar MPPS values between 170 and 225 nm are reported for 
melt blown filters with fiber diameters from 0.5 to 2 µm.[24] 
Typical MPPS values for nanofiber based membranes are < 80 
nm. 
To put nanofiber sponge filters into further context with 
other (nano)fiber-based filtration materials, a trade-off parameter 
called quality factor (QF) can be calculated:[25] QF = - ln(1-φ)/∆P, 
where φ is the filtration efficiency and ∆P the pressure drop. Our 
sponge-like filters had a QF between 0.027 and 0.087 Pa-1 (see 
Supporting Information, Table S2). We measured and calculated 
QF values for commercially available melt blown membranes 
(QF = 0.032 Pa-1), nanofiber membranes (QF = 0.019 Pa-1), and 
the classical Petrayanov filter (QF = 0.048 Pa-1). Other 
electrospun[26] and melt spun[26d, 27] nanofiber filters are in a 
similar range regarding QF, however when combining 
electrospun nanofibers with ‘nanonetting’ a QF of 0.25 Pa-1 can 
be achieved.[28] Yet, nanofiber based sponges may prove a 
drastically higher dust holding captivity, for they act as deep bed 
filtration materials.[10c] 
Processing nanofibers into sponges is almost as 
straightforward as electrospinning.[1b-d] Following the pioneering 
work of Ding[1a] and Greiner[7a], we have shown, how 
carbohydrate based electrospun nanofibers can be processed 
into ultralight sponges with a hierarchical and tunable pore 
structure. Primary pores are caused by tangled fibers whereas 
the larger secondary ones are controlled by the velocity of the 
solidification front of the freezing liquid. These secondary pores 
were tailored between 123 µm and 9.5 µm, which is similar to 
the pore size observed for ceramic based materials (2 µm to 
200 µm, depending on the system).[12b-e, 16, 29]  A tremendous 
effect of the secondary pore structure was seen in air 
permeability and in filtration efficiency, which varied between a 
factor of 7 and 220, respectively. 
Understanding the solid templated generation of the 
nanofiber based sponges’ microstructure allows to efficiently 
designing their macroscopic characteristics. We believe that the 
microstructure of nanofiber based sponges is a key element for 
their performance in many anticipated applications, whether as 
scaffold for tissue engineering, as catalyst support, or their use 
in filtration. We also envision materials with anisotropic 
properties caused by directed growth of the solid template 
crystals. 
Experimental Section 
Experimental details regarding electrospinning process, 3D nanofiber 
sponge processing, and further physical chemical characterization 
including FTIR, E-Modulus, plastic deformation, porosity, pressure drop 
at air face velocity, vair = 1.5 cm s-1, and air face velocity at 250 Pa 
according to ASTM D3574-11, as well as details regarding the 
investigated commercial filtration materials are given in the Supporting 
Information. 
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